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(54) Controller and controlling method for piezoelectric actuator 



(57) A method for controlling a piezoelectric actua- 
tor includes: a safety range setting process in which a 
safety range V^angei or VrangeS ^ an applied voltage is 
set so that an area of 180** domain rotation is within one 
third or less of an area of full 180° domain rotation Si or 
S2 in a positive or negative region of the applied voltage; 
and a driving process in which the voltage is applied to 
the piezoelectric actuator with a limitation of the safety 
range Vrangei o*" Vrange2- A controller which drives a pie- 

FIG. 1 



zoelectric actuator according to the controlling method 
is also provided. A temperature compensation is 
applied if necessary The ISC' domain rotation is limited 
by the lower or upper limit of the safety range, so that 
local concentration of inner stress is suppressed and 
the actuator is driven at its maximum ability without 
cracks or splits. 
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Descnption Therefore, the puipose of the invention is to set 

safe limitation of applied voltage which Is effective to 
BACKQROUND OF THE INVENTION operate a piezoelectric actuator, instead of the limitation 

set simply relative to the coercive electric field. That is to 
Fi^ld of the Invention 5 say. the invention is to provide a controller and a control- 

ling method tor a piezoelectric actuator, with which 
The present invention relates to a controller for a proper applied voltage limitation is set so that no cracks 
piezoelectric actuator and a method for controlling a nor splits break out in the piezoelectric actuator even 
piezoelectric actuator. The invention belongs to an engi- tiiough the actuator is operated with strokes long 
neering field of controlling piezoelectric actuators, 10 enough just close to the designed stroke, 
where the piezoelectric actuators can be used in many Thus, the inventors have made the following 

kinds of precision machineries and the like. aspects of the invention to fulfill the purpose 



Descriptio n of the Related Art 

Japanese Unexamined Patent Publication (KOKAI) 
No. 2-201977, No. 62-57265, No. 61-289682, and No. 
1-226187 have disclosed some methods to control a 
voltage to be applied to a piezoelectric actuator. The 
purpose of tiie methods is to increase deformation of a 
piezoelectric actuator, or to lower a voltage to be 
applied to a piezoelectric actuator, or to prevent depres- 
sion of polarization in piezoelectric materials which form 
a piezoelectric actuator, or so on. 

To increase deformation of a piezoelectric actuator, 
said KOKAI No.2-201977 and No.1-226187 disclose 
control metiiods in which the upper limit or the lower 
limit of applied voltage is set in the region of non- coer- 
cive electric field of a piezoelectric material, where the 
limit is on the opposite direction from the polarization of 
the piezoelectric material. 

To prevent depression of polarization in piezoelec- 
tric materials, said KOKAI No.62-57265 discloses con- 
trol methods in which the upper limit or the lower limit of 
applied voltage is set in the range which stands for 1/4 
to 9/10 of a coercive electric field of a piezoelectric 
material, where the limit is on the opposite direction 
from the polarization of the piezoelectric material. 

SUMMARY OF THE INVPNTIOM 

Every method of said KOKAI publications discloses 
limitation of at least one of the upper and lower limits of 
applied voltage. In any of said KOKAI publications, how- 
ever, no consideration is made on preventing from 
break-out of splits or cracks in the piezoelectric mate- 
rial. Therefore, these technologies are not effective to 
prevent break-out of splits or cracks in the piezoelectric 
actuator. 

According to the inventors' Investigation, it is hard to 
prevent break-out of splits or cracks by the above tech- 
nologies, which put limitation of applied voltage relative 
to the coercive electric field. That is to say, the above 
technologies are not able to put safety limitation in 
which splits or cracks would not break out and in which 
motion stroke of the piezoelectric actuator is long 
enough. That is because the limitation is set simply rel- 
ative to the coercive electric field of the piezoelectric 
material. 



[ Controller for piezoelectric Actuator ] 

75 

( The First Aspect of The Invention ) 

The first aspect of the invention is a controller for a 
piezoelectric actuator which applies voltage to tiie actu- 
20 ator in a certain range to drive the actuator. The control- 
ler has applied voltage limiting means which set one of 
tiie upper applied voltage limitation and the lower, so 
that the area of 1 80^ domain rotation of the piezoelectric 
material should be less than or equal to one third of an 

25 area of full 180° domain rotation of the material. The 
limitation stands for safety limit of applied voltage. 

By the way. 90*» domain rotation or 70.5° domain 
rotation could have been considered, but the current at 
such domain rotation is negligible, so that the inventors 

30 made consideration on the area of 180* domain rotation 
of the piezoelectric material. 

Here, tiie area of full 180° domain rotation and the 
area of 180° domain rotation are defined as follows. 
Sensing a small electi-ic switching current flowing 

35 through a piezoelectric actuator when a voltage applied 
to tiie actuator is swept in the wide range in tiie positive 
region and in the negative, a hysteresis loop on the 
applied voltage vs. switching cun-ent plane is obtained 
as shown in Fig. 1 . In a process in which the applied 

40 voltage reduces to zero, the hysteresis loop does not 
have a peak of the switching current. However, in 
another process in which the applied voltage increases, 
tiie hysteresis loop forms a peak of the switching cur- 
rent. That is to say, increasing the applied voltage in the 

45 positive region, the loop forms a peak of positive cun-ent 
i.e. P^ . On the other hand, increasing the absolute value 
of negative voltage, tiie loop forms another peak of neg- 
ative current i.e. P2. Each of the voltage levels V-, and 
V2 at the peaks P^ and P2 Is called the coercive voltage. 

so At a level of a coercive voltage, the yield f iekj Is applied 
to the piezoelectric material of the actuator 

As shown in Rg. 1, in a process sweeping the 
applied voltage from tiie positive region through tiie 
negative region, a certain level of tiie current at zero 

55 applied voltage forms an upper base line of the area Si 
with oblique lines. The area with lower cun'ent peak 
Pt is defined as "the area of full 180° domain rotation". 
Now. an area from zero applied voltage to a certain 
applied voltage level is defined as "the area of 180'' 
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domain rotation". The area of 1 80*" domain rotation with 
one third area of the area of full 180° domain rotation is 
defined as "the area of one third 180'' domain rotation" 
which is shown as an delta area surrounded in thick line 
frame in Fig. 1 . And a certain level of applied voltage 
which forms a vertical side of the delta area is defined 
as a lower limit ^fy^J„^ of a safety range of the applied 
voltage. 

Thus, a safety range of the applied voltage given by 
the invention is that the lower limit of a negative applied 
voltage should be set to be more positive than or equal 
to the lower limit Vii^^i . On the other hand, an upper limit 
of applied voltage is not always necessary as far as no 
trouble such as dielectric breakdown occurs. 

Similarly, a safety limit ( the upper limit V|jm2 ) of the 
applied voltage can be set only in the positive voltage 
region. As shown in Fig. 2, in a process sweeping the 
applied voltage from the negative region through the 
positive region, a certain level of the switching current at 
zero applied voltage forms a base line of the area S2 
with oblique lines. The area S2 with upper current peak 
P2 is also defined as "the area of full 180*" domain rota- 
tion". Now, an area from zero applied voltage to a cer- 
tain applied voltage level is also defined as "the area of 
180° domain rotation". The area of 180° domain rotation 
with one third of the area of full 180° domain rotation is 
also defined as "the area of one third 1 80^ domain rota- 
tion" which is shown as an delta area surrounded in 
thick line frame in Fig. 2. And a certain level of applied 
voltage which forms a vertical side of the delta area is 
defined as a lower limit V|inn2 of a safety range of the 
applied voltage. 

. Thus, in this case, a safety range of the applied volt- 
age given by the invention is that the upper limit of a 
positive applied voltage should be set to be less than or 
equal to the upper limit V|jm2- On the other hand, a lower 
limit of applied voltages not always necessary as far as 
no trouble such as dielectric breakdown occurs. 

Using the first aspect, the applied voltage is limited 
before it reaches one of the coercive voltages because 
the area of 180** domain rotation is smaller than or equal 
to the area of one third 180** domain rotation. Thus, as 
the applied voltage to the piezoelectric material is lim- 
ited in the range in which the domain rotation would not 
reach to a fatally large level, even if a applied voltage 
inverted to the polarization of the piezoelectric material 
is applied, it does not occur that the polarization of the 
material is reversed again nor that a high peak of the 
switching current is formed. Accordingly, a partial ther- 
mal rise and an internal stress are suppressed, so that 
cracks or splits do not appear in the piezoelectric actua- 
tor. Therefore, a breaking stress in the piezoelectric 
actuator Is avoided skillfully. 

Thus, the first aspect of the invention is able to pre- 
vent cracks and splits in a piezoelectric actuator effec- 
tively because breaking stress is skillfully avoided as 
domain rotation does not occur too much. In other 
words, the first aspect is able to drive the piezoelectric 
actuator at its full potential ( in the stroke or in the force 



4 

) as far as a crack or a sprit does not occur. 

Here, the word "split" stands for separation of a pie- 
zoelectric cell, though "crack" does not make separa- 
tion. 

5 

( The Second Aspect of The Invention ) 

The second aspect of the invention is that, in said 
first aspect, said piezoelectric actuator is one selected 

10 from the group consisting of a layered piezoelectric 
actuator, a bimorph cell, and a unimorph cell. 

In the second aspect, the piezoelectric actuator to 
be driven is identified clearly, as it is declared that the 
actuator is one selected from the group of a laminated 

75 piezoelectric actuator, a bimorph or a unimorph. Piled 
bimorphs or unimorphs and combined actuator made of 
some kinds of piezoelectric actuators are included in the 
group. 

20 ( The Third Aspect of The Invention ) 

The third aspect of the invention is that, in said first 
aspect, said controller is equipped with temperature 
measurement means, and said applied voltage limiting 

25 means is equipped with temperature compensation 
means which set one of the upper limit and lower limit 
teased on a temperature measured by the temperature 
measurement means. 

The third aspect is equipped with the temperature 

30 measurement means and the temperature compensa- 
tion means. The temperature measurement means 
measures a operating temperature of the piezoelectric 
actuator, so that the temperature compensation means 
compensates the best safety range of the applied voit- 

35 age for a characteristics of a yield field of the piezoelec- 
tric material at the very measured operating 
temperature. 

Therefore, using the third aspect, the piezoelectric 
actuator can perform at the maximum potential without 

40 a risk of cracks and splits, even though the operating 
temperature varies in a wide range. Because the safety 
range are set up at the best for the very measured oper- 
ating temperature. 

It means that, even in a case the piezoelectric actu- 

45 ator is driven at an operating temperature out of a 
design range, there is no risk of cracks or splits, so that 
it makes a lifetime of the piezoelectric actuator longer, 
and increases its reliability. In other words, too much 
safety margin is not any more necessary for the worst 

so case of the operating temperature, where the safety 
margin wouM have been set up so that no cracks nor 
splits occur in the worst condition. As a result, at every 
point in the operating temperature, the best perform- 
ance of the actuator is effectively shown without any risk 

55 of cracks and splits. 
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[ Controlling Method for Piezoelectric Actuator ] 
( The Fourth Aspect of The Invention ) 

The fourth aspect of the invention is a controlling 
method for piezoelectric actuator which includes a 
safety range setting process and a driving process. The 
safety range setting process is a process in which a 
safety range of applied voltage to a piezoelectric actua- 
tor made of piezoelectric material which provides dis- 
placement or force is set up. so that the area of 180"* 
domain rotation of the piezoelectric material should be 
less than or equal to one third of the area of full ^S0'' 
domain rotation of the material In one of a positive 
applied voltage region and a negative applied voltage 
region. 

The driving process is a process in which said 
applied voltage is applied to said piezoelectric actuator 
with a limitation of said safety range. 

The fourth aspect is able to provide operations and 
advantages almost similar to ones of the first aspect. 

That is to say. in the safety range setting process, a 
safety range of a applied voltage is set up so that the 
area of 180° domain rotation of the piezoelectric mate- 
rial is smaller than or equal to one third of the area of full 
180'' domain rotation in one of the positive region and 
the negative region. And in the driving process, the 
applied voltage is controlled within the safety range, so 
that breaking stress is avoided skillfully 

Therefore, the fourth aspect is able to provide an 
advantage that cracks and splits in the piezoelectric 
actuator are prevented, because the actuator is driven 
in the very best safety range of the applied voltage 
which has been set up in the safety range setting proc- 
ess. In other words, the piezoelectric actuator can oper- 
ate at the maximum potential, i.e.. stroke or force, as far 
as no cracks nor splits occur. 

( The Fifth Aspect of The Invention ) 

The fifth aspect of the invention is a controlling 
method for a piezoelectric actuator of said fourth 
aspect, in which said safety range is set up based on a 
measurement of a switching current characteristic to the 
voltage applied to said piezoelectric actuator in said 
safety range setting process. 

In the fifth aspect, the safety range is set up based 
on measurement data of applied voltage and switching 
current characteristics of the piezoelectric actuator. 

Therefore, by the fifth aspect, the safety range is set 
up in the manner of exact and safe way. so that the pie- 
zoelectric actuator can perform at the best potential as 
far as no cracks nor splits occurs. By the way. the meas- 
urement should better be done in a product checking 
process, so that the measurement would not be time 
consuming nor costing. 



( The Sixth Aspect of The Invention ) 

The sixth aspect of the irwention is a controlling 
method for a piezoelectric actuator of said fourth 

5 aspect, in which said safety range is set up based on 
one of numerical estimation and statistic data on char- 
acteristics of the material of said piezoelectric actuator 
in said safety range setting process. 

In the sixth aspect, the safety range is set up based 

10 on statistic data or numerical estimation of characteris- 
tics of the piezoelectric material of the piezoelectric 
actuator. 

Here, the statistic data stands for a statistic data on 
irKiividual characteristics of piezoelectric actuators. 

15 which includes data based on coercive electric fields 
and the area of 180*" domain rotation by relation with 
composition of the piezoelectric materials. Such a data 
base makes it possible to estimate the 180° domain 
rotation characteristics of a new piezoelectric material 

20 with new compositions by interpolation of the data base. 
On the other hand, numerical estimation technol- 
ogy is growing up which would make it possible to pre- 
dict characteristics of new piezoelectric material out of 
the data base. 

25 So, the sixth aspect enables to decrease cost by 
eliminating the need of checking alt piezoelectric actua- 
tor individually 

( The Seventh Aspect of The Invention ) 

30 

The seventh aspect of the invention is a controlling 
method for a piezoelectric actuator of said fourth 
aspect, in which said safety range at every operating 
temperature is set up based on one of a measured 

35 operating temperature and an estimated operating tem- 
perature in said safety range setting process. In the sev- 
enth aspect, a relation between the operating 
temperature of the piezoelectric actuator and the area 
of 180° domain rotation among a range of operating 

40 temperature of the actuator is acquired beforehand by 
means of one of measurement, numerical estimation, 
and statistic data. 

By the seventh aspect of the invention, a relation 
between a operating temperature of a piezoelectric 

45 actuator and a 180° domain rotation, i.e.. an applied 
voltage at the area of one third 180° domain rotation is 
obtained by a certain means. Then, in the safety range 
setting process, an optimum safety range is set up by 
said relation based on a measured operating tempera- 

so ture or an estimated operating temperature of the piezo- 
electric actuator In other words, a temperature 
compensation is made on the applied voltage. 

Therefore, using the seventh aspect, the optimum 
safety range is set up even in case that the operating 

55 temperature is varying in wide range. Thus, the piezoe- 
lectric actuator is driven without the risk of cracks or 
splits even at a temperature out of design. So the aspect 
brings an advantage that it is possible to drive the piezo- 
electric actuator at its maximum potential without the 
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risk cyf cracks or splits at any temperature. 
( The Eighth Aspect of The Invention ) 

The eighth aspect of the invention is a controlling 
method for a piezoelectric actuator of said seventh 
aspect, in which said relation between said operating 
temperature and said safety range is memorized as a 
linear function, and said safety range is calculated on 
the linear function based on one of a measured operat- 
ing temperature and an estimated operating tempera- 
ture in said safety range setting process. 

In the eighth aspect, a relation between an operat- 
ing temperature of the piezoelectric actuator and a 
safety range of applied voltage. ( The relation can be 
approximated by the form of a linear function, that would 
not bring a large error. ) The linear function Is defined by 
two constants, so the linear function does not need a lot 
■of memory, that leads to saving the memory volume or 
the temperature compensating circuit. 

Therefore, the eighth aspect brings an advantage 
that the temperature compensation on the safety range 
of the applied voltage is made very simple and easy. 

BRIEF DESCRIPTION OF THE DRAWINGS 

A more complete application of the present inven- 
tion and many of its advantages will be readily obtained 
as the same becomes better understood by reference to 
the following detailed description when considered In 
connection with the accompanying drawings and 
detailed specification, all of which forms a part of the 
disclosure: 

Fig.' 1 is a graph chart schematically showing the 

safety range ( the lower limit ) of the applied voltage 

according to the present invention. 

Fig. 2 is a graph chart schematically showing the 

safety range ( the upper limit ) of the applied voltage 

according to the present invention. 

Fig. 3 is a graph chart showing the safety range ( 

the lower limit ) of the applied voltage In the First 

Preferred Embodiment 

Fig. 4 is a graph chart showing the relation between 
an area of 180° domain rotation and a risk of silts 
and cracks. 

Fig. 5 is a graph chart showing the safety range ( 
the upper limit ) of the applied voHage In the First 
Preferred Embodiment. 

Fig. 6 is a graph chart showing the relation between 
the operating tenrperature and the applied voltage 
at the one third 180° domain rotation. 
Fig. 7 is a block diagram showing the construction 
and the operation of the driving apparatus of the 
Second Preferred Embodiment. 
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DETAILED DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

Having generally described the present invention, a 
5 further understanding can be obtained by reference to 
the specific preferried embodiments which are provided 
herein for the purpose of Illustration only and not 
Intended to limit the scope of the appended claims. 
A First Preferred Embodiment and its Modified Ver- 
10 sions will be hereinafter described with reference to 
Figs. 3 through 5. Thereafter, a Second Preferred 
Embodiment will be described with reference to Figs. 6 
and?. 

15 First Preferred Embodiment 

Production of Piezoelectric Actuator for the First Pre- 
ferred Embodiment 

20 Mixed powder of micro ceramic powder and binder, 
which constitutes a piezoelectric material, was com- 
pressed. Thereafter, the compressed mixed powder 
was pressed by CIP ( Cold Isostatic Pressing ) to form a 
compact. Grease was removed from the press- formed 

25 compact. Then, the compact was heated up to -1200 
Celsius degree In an electric furnace, and kept for 4 
hours at the same temperature to obtain a sintered 
block. The sintered block was squared to be square 
sheets with sides of 12 mm and thickness of 0.5 mm. 

30 Thereafter, silver paste was printed on the both sides of 
the sheets by screen printing to form surface electrodes 
made of silver. 

Fifty of the sirrtered sheets with the surface elec- 
trodes were put on each other in pile, so that each polar- 

35 Ized electrodes are facing the same electrodes of the 
next. In the manner hereinbefore, laminated piezoelec- 
tric actuators were produced for a driving ( or controlling 
) apparatus and a driving ( or controlling ) method of the 
First Preferred Embodiment. 

40 

Measurement of Switching Current AtxDiied Voltage 
Characteristics, i.e.. 180° domain rotation 

For a purpose of measuring characteristics of 180"" 
45 domain rotation, a characteristics of switching current / 
applied voltage of a piezoelectric actuator under com- 
pression stress of 20 MPa was measured. In the meas- 
urement, applied voltage was in a shape of delta wave 
with an amplitude of plus-minus 1000 V in the cycle of 
so 0.1 Hz ( i.e., the period was 10 second. ). 

As a result, switching current / applied voltage char- 
acteristics with hysteresis was recorded as shown in 
Fig. 3. 

On the detail of switching current / applied voltage 
55 graph. 180° domain rotation occun^ed at the applied 
voltage where the switching current shows drastic 
changes. It corresponds to the area S<| and S2 in the 
Fig. 3. In the Fig. 3, the switching current shows the 
amount of 180'' domain rotation, while the area of 



BNSDOCID: <EP ^0767503A1_L> 



9 



EP0767 503A1 



10 



switching current x applied voltage ( all of the area with 
oblique lines ) shows the area of full laO"* domain rota- 
tion. 

The current peak Pi is on the negative region of the 
applied voltage, while the another current peak P2 is on 
the positive region. Each of the applied voltage V^. V2 
corresponding respectively to the peak Pi. P2 is gener- 
ally called "the coercive voltage". ( While it is called "the 
coercive electric field" in case of a piezoelectric mate- 
rial. ) Therefore, the area of 180° domain rotation 
increases when the applied voltage Is going over the 
coercive voltage or V2. By the way. the cun-ent peak 
Pi, P2 appear In both region of the positive voltage and 
the negative, because the direction of polarization in a 
piezoelectric material turns over when the applied volt- 
age surpasses over the coercive voltage or V2. 

The area of switching current x applied voltage, i.e., 
integration of switching current by applied voltage is 
defined as "the area of 180° domain rotation", and all 
the area with oblique lines is defined as "the area of full 
180° domain rotation". That is to say, in the process of 
sweeping the applied voltage from the positive region to 
the negative region, the switching current level at the 
applied voltage of 0 V forms an upper base fine of a tri- 
angle area with oblique lines, which area has the 
peak Pi and is d^ined as *1he area of full 180° domain 
rotation". Then, an area of switching current x applied 
voltage surrounded by bold frame from an applied volt- 
age of 0 V to a certain negative applied voltage is 
defined as The area of 180" domain rotation". 

An Experi ment Proving The Safety Ranoe of The 
Present Invention 

The inventors have turned out attention to the area 
of 1 80° domain rotation, and have got an idea tiiat a lim- 
itation of applied voltage should be set by limiting the 
area of 180° domain rotation within a certain percent- 
age of the area of full 180° domain rotation or S2. 
instead of limiting tiie applied voltage by some percent- 
age off tiie coercive voltage Vi or V2 as in the conven- 
tional way Because the Inventors thought that limiting 
the area of 180° domain rotation directly stands for lim- 
iting domain rotation in the piezoelectric material, and 
also stands for preventing from damagng micro-struc- 
ture of the material. 

So. the inventors made a series of experiments and 
made it dear that until what percentage of the area of 
180° domain rotation in the area of full 180° domain 
rotation, no cracks nor splits occurs in piezoelecfaric 
actuators. 

In the experiments, above mentioned actuators are 
examined, and a higher limit of the applied voltage is 
always set at 500 V. while a lower limit of tiie applied 
voltage varied for some cases. A lower limit of the 
applied voltage is set tiiat the area of 1 80° domain rota- 
tion is at 10 %, 20 %, 30 %, 40 %, 60 %, 80 %, and 100 
% of the area of full 180° domain rotation in the experi- 
ments. The conditions of the experiments were tfiat. tiie 



operating temperature was set at 50 degree Celsius, the 
compression bad was set at 50 1^ ( corresponding at 
20 MPa of compression stress ). and the repeating time 
running between the upper limit of the applied voltage 

5 range and tiie lower was 1 0^ times. 

As a result, as shown in Fig. 4. a probability of 
cracks and splits were rising from 0 % to 80 % in tiie 
range from 30 % to 40 % of the area ratio, and it was 
supposed that sudden change was occurring in this 

10 range of the area ratio. Then, additional experiments 
were candied out at 33 % and 37 % of the area ratio, i.e. 
the ratio of tiie area of 180° domain rotation in tiie area 
of full 180" domain rotation. The result was that the 
probability of cracks and slits was 0 % at 33 % of the 

15 area ratio, while tiie same probability was 30 % at 37 % 
of the area ratio. Fig. 4 shows a relationship between 
the area ratio and the probability of cracks and slits. 

Therefore, the inventors have set a lower limit Vn^i 
of the safety range of a applied voltage at the voltage on 

20 which the area of 180° domain rotation is one third of 
the area of full 180° domain rotation. Based on the 
result of tiie experiments, now it is clear that, if the lower 
limit of the applied voltage is set in the safety range, the 
probability of occurring of cracks or splits would be 

25 almost zero. On the other hand, the upper limit of tiie 
applied voltage is not particularly limited at 500 V and is 
usually limited by design of a control apparatus and so 
forth. 

30 Controller and Controlling Method for Piezoelectric 
Actuator as tiie First Preferred Embodiment 

Based on the results of the experiments and con- 
siderations, a controller for a piezoelectric actuator of 

35 tiie present invention was manufactured by way of tibial, 
and is under operation by the controlling mettiod of the 
present invention. 

That is to say, the controller of the First Preferred 
Embodiment is a controller tiiat drives a piezoelectric 

40 actuator mentioned at>ove by applying in a certain 
range of applied voltage, and is equipped with an 
applied voltage hmiting means. In the applied voltage 
limiting means, the lower limit of an applied voltage 
V,jn,i is set in the way tiiat the area of 180° domain rota- 

45 tion of the piezoelectric material of the actuator is 
smaller than or equal to the safety limit, i.e.. one third of 
the area of full 180° domain rotation of the material. 

In other words, in the controller of tiie First Pre- 
tended Embodiment, the safety range Vrangei is set pre- 

50 viously by measuring a cun^ent characteristics to a 
applied voltage on a piezoelecft-ic actuator Namely, 
measuring the switching current / applied voltage char- 
acteristics, in the negative range of applied voltage on 
tiie piezoelecti-ic actuator, an area of 180° domain rota- 

55 tion of tiie piezoelectric material of the actuator is calcu- 
lated in accordance with each level of applied voltages. 
The lower limit of tiie safety range Vii^^ is set tiiat a area 
of 180° domain rotation is to be smaller than or equal to 
one third of the area of full 180-degree polarization 



6 



BNSOOCID: <EP ^0767503A1J_> 



11 



EP0767 503 A1 



reversal of the piezoelectric material. 

After that, in the driving process, the controller of 
the embodiment applies voltage to a piezoelectric actu- 
ator in a limitation within the safety range with Vrangev 

Therefore, the piezoelectric actuator is driven in a 5 
long stroke without any cracks or splits. 

As mentioned above, by use of the controller and 
the controlling method for a piezoelectric actuator as the 
First Preferred Embodiment, the piezoelectric actuator 
is efficiently driven without cracks or splits. Thus, the 
controller and the controlling method for a piezoelectric 
actuator Is presented that can be driven with a stroke 
nearly as long as designed, and causes no cracks nor 
splits in the actuator. 

In other words, the First Preferred Embodiment has 
presented means for setting more effective safety 
range, instead of the conventional way of setting a 
safety range by considering a coercive voltage only. 



12 

on statistic data of material characteristics of piezoelec- 
tric actuators, or based on material science. Using 
these means will enable to set a safety range without 
measuring even in case that measuring switching cur- 
rent / applied voltage characteristics is somehow impos- 
sible. 

Fourth Modified Version of the First Preferred Embodi- 
ment 

A bimorphs or a unimorph can be used as a piezo- 
electric actuators to be driven by way of the First Pre- 
ferred Embodiment, instead of a single piezoelectric 
actuator or a laminated piezoelectric actuators. And fur- 
thermore, the First Preferred Embodiment can be 
applied to any kind of piezoelectric actuators. 

Second Prefen-ed Embodiment 
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First Modified Version of the Rrst Pr eferred Embodi- 
ment 

Almost similarly to the First Preferred Embodiment, 
a safety range of applied voltages can be limited by the 
positive voltage limit V|jm2- 

That is to say, as shown In Fig. 5, in the process of 
sweeping an applied voltage from the negative range to 
the positive range, the area filled with oblique lines with 
a positive current peak P2 is defined as the area of full 
180® domain rotation. And a positive limit of the safety 
range is defined as a positive voltage level at which an 
area of 180° domain rotation ( surrounded by a bold line 
) is one third of the area of full 180° domain rotation. 

Therefore, the positive maximum limit of the range 
of applied voltage can be set below the upper limit \/\\m2- 
In this case, on the other hand, there is no need to limit 
the applied voltage in the negative range especially 

Second Modified Version of the First Preferred Embodi- 
ment 

One of the safety ranges of a applied voltage men- 
tioned above can be set up with an appropriate margin 
i.e., a safety margin to the lower limit Vn^., or to the 
upper limit \/\\m2' Although the safety margin might ruin 
the performance of a piezoelectric actuator by a little bit, 
It can contribute to high reliability because it gives a tol- 
erance to some variations of the actuators, the variation 
of the operation temperature, variation of the control- 
lers, and variation of source voltage. 

Third Modified Version of the First Pr eferred Embodi- 
ment 

In the safety range setting process mentioned 
above, as means of setting a safety range of applied 
voltage other than measuring the switching current / 
applied voltage characteristics, the safety range may be 
obtained by estimation or numerical calculations based 



20 In the First Preferred Embodiment mentioned 
above, it is supposed that the operating temperature is 
almost constant and is predictable by a tacit under- 
standing. In the Second Preferred Embodiment, how- 
ever, it is supposed that an operating temperature of a 

25 piezoelectric actuator varies in a certain wide range: So. 
the Second prefen-ed Embodiment will illustrate a con- 
troller and a control means which can drive a piezoelec- 
tric actuator appropriately with an operating 
temperature compensation in case that a switching cur- 

30 rent / applied voltage characteristics varies with a 
change of the operating temperature. Here, appropriate 
driving means driving a piezoelectric actuator with Its 
maximum strokes without a risk of cracks and splits. 

35 Variation of Switching Current / Applied Voltage Charac- 
teristics Caused bv Variation of an Operatino Tempera- 



To achieve above-mentioned purpose, it is essen- 
tial to measure, to calculate, or to estimate tiie applied 
voltage level at which an area of 180** domain rotation is 
one third of an area of full 180° domain rotation. In the 
Second Preferred Embodiment, the same piezoelectric 
actuator as the First preferred Embodiment are chosen 
as a test piece, and Its switching current / applied volt- 
age characteristics were measured at various operating 
temperatures. 

As a result, it is made clear that the higher becomes 
operating temperature, the lower becomes the absolute 
value of coercive voltages of the piezoelectric actuator, 
that is, the coercive voltage comes nearer to zero volt- 
age. This tendency is commonly found in many kinds of 
piezoelectric materials. Therefore, the applied voltage 
level at which an area of 180** domain rotation Is one 
third of the full 180** domain rotation ( the applied volt- 
age level is called "one-third voltage" hereafter for the 
sake of convenience ). as shown in Fig. 6, comes closer 
to zero volt as the operating temperature comes higher. 
Here. Fig. 6 Is a graph chart which shows a relation 
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between the operating temperature and the one-third 
voltage. 

In this measurement, switching current / applied 
voltage characteristics are measured at four point of the 
operating temperature from room temperature to 150°C 
. As far as based on the measured data on Fig. 6. very 
accurate linearity is found between the operating tem- 
perature and the one-third voltage. Thus, the relation 
between the operating temperature and the one-third 
voltage can be presented by a linear function with little 
error. 

Controller and ControllinQ Method as the Second Pre- 
ferred Embodiment 

As shown in Fig. 7, controller of the Second Pre- 
ferred Errtoodiment is equipped with a temperature 
compensating circuit 2 and a driving circuit 10, where 
the temperature compensating circuit 2 is mainly con- 
sist of a differential amplifier 20. 

That is. the temperature compensating circuit 2 
consists of a temperature sensor 23, temperature 
measuring circuit 22. a reference temperature circuit 21 , 
and a differential amplifier 20. The tennperature sensor 
23 is a thermister patched on the piezoelectric actuator 
3. and senses the temperature of the piezoelectric actu- 
ator under operation at every interval. The temperature 
measuring circuit 22 provides a voltage output T which 
corresponds to a measured operating temperature of 
the piezoelectric actuator 3, based on a temperature 
signal measured by tiie temperature sensor 23. The 
measured temperature voltage T is input to one of the 
two input terminals of the differential amplifier 20. In par- 
allel with it, voltage level T corresponding to the refer- 
ence temperature is input to the another terminal of the 
differential amplifier 20. The differential amplifier 20 
amplifies the difference of the both voltage ( T- T ) with 
the anplitude ratio corresponding to an inclination of the 
linear function mentioned above, and generates a tem- 
perature compensation voltage C as an input to the driv- 
ing circuit 10. 

The driving circuit 10 is compensated by the oper- 
ating temperature based on the temperature compen- 
sation voltage C. And similarly, in the driving circuit 10, 
a lower limit Vn^^ or an upper limit Vjj^g a safety 
range of the applied voltage is set up. Then, the driving 
circuit 10 is driven by a driving signal D input from a con- 
troller ( not shown ). so tiiat the driving circuit 10 gener- 
ates the applied voltage F compensated by the 
operating temperature witiiin a safety range V^angei or 
Vrange2' drives the piezoelectric actuator 3. 

Here, setting of the linear function based on meas- 
uring tiie one-tiiird voltage ( i.e., the lower limit Vn^ni or 
the upper limit V|jn,2 ) of switching current / applied volt- 
age characteristics at every temperature corresponds to 
setting of the reference temperature T and the ampli- 
tude ratio of the differential amplifier. And those corre- 
spond to the safety range setting process. In the safety 
range of which the upper limit or the lower limit is the lin- 



ear function of tfie operating temperature T. the opera- 
tion of the controller 1 which derives the applied voltage 
F based on the driving signal D for the piezoelectric 
actuator con-esponds to the driving process. Thus, the 
5 controlling method of the Second Preferred Embodi- 
ment is realized by setting of the controller 1 and oper- 
ating of the same controller 1 to drive the piezoelectric 
actuator 3. 

The inventors made some experiments by use of 
10 controller 1 with said structure and operation. And it was 
made dear that no cracks and no splits occurred in the 
piezoelectric actuator in all cases the operating temper- 
ature of the actuator is 50°C , 100°C , and 150**C . 
For a compcirison, some experiments without tem- 

15 perature compensation in tiiree temperature cases as 
same as above mentioned experiments were carried 
out. In the experiments, the safety range was set up so 
that the area of 180** domain rotation is one third of the 
area of full 180° domain rotation at 50**C operating tem- 

20 perature of the piezoelectric actuator. As a result, no 
cracks and no splits occurred in the case at the same 
operating temperature is 50**C , as expected. But cracks 
and splits occurred by 50 % in the case at 100°C , and 
by 100 % in the case of 150*»C . Therefore, without tem- 

25 perature compensation, operating temperature rise of 
just 50**C more ttian the designed temperature would 
cause significant damage on the piezoelectric actuator. 

On the other hand, the temperature compensation 
of the Second Preferred Embodiment derives such 

30 advantage that the piezoelectric actuator is driven at 
maximum of its potential in considerably wide variation 
of the operating tenperature without cracks nor splits. 

Operation and Advantage of Sec ond Preferred Prr^ hnH. 
35 iment 

As mentioned above, the same operation and 
advantages as those of tiie First Preferred Embodiment 
are shown even on a piezoelectric actuator with its oper- 
40 ating temperature varied over a wide range. Therefore. 
the controller and its controlling method of ttie Second 
Preferred Embodiment can present tiie following advan- 
tages. 

First of all. the Embodiment enables to drive the 
45 piezoelectric actuator 3 at its maximum strokes witiiout 
aacks or splits in a conskJerably wkie range of the oper- 
ating temperature. 

Because the contioller 1 of the Embodiment is 
equipped with the temperature measuring means con- 
so sisting of the temperature sensor 23 and the tempera- 
ture measuring circuit 22 and tiie temperature 
compensating means consisting mainly of the differen- 
tial amplifier 20. Said temperatijre measuring means 
measures the operating temperature of ttie piezoelec- 
55 ti^ic actuator under operation. And based on tiie coer- 
cive voltage characteristics, i.e., the switching current / 
applied voltage characteristics of tiie piezoelectric 
material at the measured operating temperature, most 
appropriate compensation C of the safety range of the 



8 



BNSDOCID: <EP ^0767503A1_I_> 



15 



EP0767 503A1 



16 



applied voltage is provided by said temperature com- 
pensating means. 

Therefore, by use of the Embodiment, the most 
appropriate safety range is set at the present operating 
temperature even if the operating temperature varies so 
much, so that an advantage is derived that the piezoe- 
lectric actuator 3 is driven at its best ability vnthout the 
risk of cracks or splits. 

That is to say. in case that the piezoelectric actuator 
3 is operated out of predicted design range of the oper- 
ating temperature, there causes no cracks nor splits in 
the actuator 3. That results in improving reliability and 
lifetime of the piezoelectric actuator 3. In other words, 
too much safety margin for preventing occurrence of 
cracks or splits in any worse variation of the operating 
temperature is not necessary any more. As a result, 
there derives the advantage that the Embodiment ena- 
bles to drive the piezoelectric actuator 3 at its maximum 
ability till the border limit of causing cracks or splits. 

Second, the structure of the temperature compen- 
sation circuit 2 is very simple, so that effective tempera- 
ture compensation mentioned above is achieved with a 
low cost. 

That is. the relation between the operating temper- 
ature T of the piezoelectric actuator and the safety 
range is stored in the temperature compensation circuit 
2 as a linear function in the controller of the Embodi- 
ment. Here, the reference temperature T and the ampli- 
fication ratio of the differential amplifier 20 are the 
parameters which makes said linear function unique. 

Thus, by use of the controller and the controlling 
method for a piezoelectric actuator as the Second Pre- 
ferred Embodiment, there derives advantages that it is 
very simple and easy to make the operating tempera- 
ture compensation in the safety range of the applied 
voltage. 

Claims 

1. A controller for a piezoelectric actuator made of a 
piezoelectric material, the controller driving the 
actuator by applying a voltage in a predetermined 
range, thereby producing a displacement or a force 
due to piezoelectric effect, said controller compris- 
ing: 

applied voltage limiting means for setting one 
of an upper limit and a lower limit of the applied 
voltage so that an area of 180'' domain rotation 
falls in a safety range being one third or less an 
area of full 180^ domain rotation. 



temperature measuring means for measuring 
an operating temperature of said piezoelectric 
actuator; and 

temperature compensating means for setting 
5 said one of the upper and lower limits based on 

the operating temperature measured by said 
temperature measuring means. 

4. A method for controlling a piezoelectric actuator 
10 made of a piezoelectric material comprising the 

steps of: 

setting a safety range of a voltage to be applied 
to the piezoelectric actuator so that an area of 

15 ISO"" domain rotation is within one third of an 

area of full ISO"" domain rotatbn in one of pos- 
itive and negative regions of the applied volt- 
age, and driving the actuator to produce a 
displacement or force due to piezoelectric 

20 effect by applying the voltage controlled within 

said safety range. 

5. The method according to Claim 4, 

wherein said safety range is set by measur- 
es ing characteristics of a switching current with 
respect to the applied voltage . 

6. The method according to Claim 4. 

wherein said safety range is set based on at 
30 least one data selected from the group consisting of 
statistic data on physical properties of the piezoe- 
lectric actuator and numerically estimated data of 
the same. 

35 7. The method according to Claim 4, 

wherein a relationship between the area of 
180^ domain rotation and an operating temperature 
of the actuator is determined by actual measure- 
ment, numeric estimation, or statistic data; and 

40 the safety range Is set for the operation tem- 

perature from said relationship based on an actu- 
ally measured value or an estimated value of the 
operating temperature. 

45 8- The method according to Claim 7, 

wherein said relationship is stored as a lin- 
ear function; and 

said safety range is derived from said stored 
linear function. 

50 



2. The controller according to Claim 1 . 

wherein said piezoelectric actuator is 
selected from the group consisting of a laminated ss 
piezoelectric actuator, a bimorph and a unimorph. 

3. The controller according to Claim 1 further compris- 
ing: 
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FIG. 6 
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